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Retrieval of the scattering and microphysical properties of
aerosols from ground-based optical measurements
including polarization. I. Method

Anne Vermeulen, Claude Devaux, and Maurice Herman

A method has been developed for retrieving the scattering and microphysical properties of atmospheric
aerosol from measurements of solar transmission, aureole, and angular distribution of the scattered and
polarized sky light in the solar principal plane. Numerical simulations of measurements have been used
to investigate the feasibility of the method and to test the algorithm’s performance. It is shown that the
absorption and scattering properties of an aerosol, i.e., the single-scattering albedo, the phase function,
and the polarization for single scattering of incident unpolarized light, can be obtained by use of radiative
transfer calculations to correct the values of scattered radiance and polarized radiance for multiple
scattering, Rayleigh scattering, and the influence of ground. The method requires only measurement of
the aerosol’s optical thickness and an estimate of the ground’s reflectance and does not need any specific
assumption about properties of the aerosol. The accuracy of the retrieved phase function and polariza-
tion of the aerosols is examined at near-infrared wavelengths ~e.g., 0.870 mm!. The aerosol’s micro-
physical properties ~size distribution and complex refractive index! are derived in a second step. The
real part of the refractive index is a strong function of the polarization, whereas the imaginary part is
strongly dependent on the sky’s radiance and the retrieved single-scattering albedo. It is demonstrated
that inclusion of polarization data yields the real part of the refractive index. © 2000 Optical Society of
America

OCIS codes: 280.1310, 010.1110, 260.5430, 290.4210.
1. Introduction

The characterization of terrestrial aerosols on a
global scale is essential for assessing the climatic
effect of aerosols and for satellite remote-sensing
applications. The new generation of sensors @e.g.,

olarization and directionality of the Earth’s reflec-
ances1 ~POLDER!, Moderate Resolution Imaging

Spectrometer ~MODIS!, and Multiangle Imaging
pectroradiometer2 ~MISR!# with improved radio-

metric and geometric performance is expected to
provide high-accuracy multispectral, multiple-
viewing-angle and polarization data of the Earth’s
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atmosphere and surfaces. Some insight into the
physical and chemical properties of the aerosols in
addition to the aerosols’ spectral optical thickness can
be extracted from space observations.3,4 In this con-
text, ground-based observations of the aerosols in the
solar spectral range play a major role: they help in
the development and validation of spaceborne exper-
iments devoted either to aerosol monitoring or to the
elimination of aerosol effects for remote sensing of the
Earth’s surface.5–7 Whereas satellite observations
are made mostly in the backscattering direction and
are contaminated by an important surface contribu-
tion, ground observations can include direct solar
measurement, forward scattering, and backscatter-
ing and are less influenced by surface reflection. Di-
rect monitoring of the aerosols from ground-based
measurements acquired as part of intensive field
measurement campaigns or as planned in the devel-
opment of radiometer networks,8 provides access to
more key parameters than can be retrieved from sat-
ellite imagery.

Over the past decades, considerable effort has been
devoted to the development of more-reliable ground-
based instruments and to improvement of inversion
0 November 2000 y Vol. 39, No. 33 y APPLIED OPTICS 6207
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methods for retrieving the properties of aerosols.
Measurements of the spectral aerosol’s optical thick-
ness, derived from solar transmission, are common
and can be achieved with good accuracy with well-
calibrated instruments. Measurement of solar au-
reole radiance is also common and useful. It
permits derivation of the forward part of the aerosol’s
phase function. The aerosol’s size distribution may
be retrieved from these measurements.9–14 Several
authors, who generally use measurements in the so-
lar almucantar, have emphasized the usefulness of
extending sky radiance measurements to larger scat-
tering angles. Kaufman et al.15 used almucantar

easurements up to the scattering angle of 120° to
etrieve phase function and size distribution, follow-
ng the procedure of Nakajima et al.16 Moreover,

Wang and Gordon17 and Devaux et al.18 showed that
measurements of the sky radiance in a sufficiently
large range of scattering angles allow one to derive
the aerosol’s single-scattering albedo, whereas anal-
ysis of multiwavelength measurements of the phase
function and the spectral extinction may provide an
indication of the particle’s refractive index.19–21

In this paper we consider extended ground-based
observations of the aerosols that involve, in addition
to transmission and aureole measurements, the an-
gular distribution of sky radiance and its polarization
in the solar principal plane. These measurements
have received less attention than have transmission
and aureole measurements. Measurements of sky
radiance in the solar principal plane allow one to
retrieve the aerosol phase function for an extended
range of scattering angles that provides information
about aerosols with smaller dimensions.22 Like-
wise, polarized sky radiance is known to be highly
sensitive to the presence of aerosols in the Earth’s
atmosphere, as was shown by Sekera,23 and may pro-
vide information on the refractive index of aerosols as
shown both by calculations22–25 and by balloonborne
and ground-based measurements.26–29 The data
processing of measurements in the solar principal
plane is more complicated than for transmission and
aureole measurements, however, because of the in-
creasing influence of multiple scattering and ground
reflectance at large scattering angles. Moreover, be-
cause molecules are highly efficient in generating po-
larized light, they can largely mask the aerosol’s
polarized signature. The retrieval of the aerosol’s
scattering properties at large scattering angles,
therefore, requires an accurate correction to elimi-
nate the effects of ground reflectance and molecular
and multiple scattering on the measurements.

In the present paper we propose a retrieval scheme
for deriving the scattering and microphysical proper-
ties of aerosols by use of solar transmission measure-
ments combined with the angular distribution of the
sky radiance and its polarization in the aureole and
the solar principal plane.

In a first step, the aerosol scattering properties, i.e.,
the single-scattering albedo, phase function, and po-
larization for single scattering of incident unpolar-
ized light, are derived simultaneously. This
208 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
procedure is addressed in Section 2. This step re-
quires a correction for molecular scattering, multiple
scattering, and ground influence in the radiance and
polarization measurements. One uses appropriate
radiative transfer calculations to evaluate and re-
move these contributions from the measurements.
The correction of the radiance measurements was
addressed previously by Devaux et al.18 for the re-
trieval of the aerosol single-scattering albedo. Here
we extend the method to the correction of the polar-
ization measurements, and the sensitivity of the re-
trieval scheme is examined by use of synthetic
ground-based data sets.

In a second step, the aerosol’s size distribution and
refractive index are derived simultaneously from
their scattering properties. This step is addressed
in Section 3. Given the aerosol’s refractive index,
the retrieval of the aerosol size distribution is
achieved with an inversion method adapted from the
method of King et al.9 to include the phase function
and the polarization data ~Subsection 3.A!.
Refractive-index retrieval is examined in Subsection
3.B. The real part of the refractive index depends
principally on the polarization, whereas one obtains
the imaginary part by comparing the calculated and
the measured single-scattering albedos. It is shown
that the polarization provides the real part of the
refractive index. Comparison of retrievals made
with and without polarization data show that in some
cases the inclusion of polarization will provide for
significantly better retrievals of the small radius size
distribution.

We examine the validation of the scheme by using
numerical simulations of the measurements. We
consider measurements performed at a near-infrared
wavelength, 0.870 mm, to minimize the influence of
molecular scattering. Application of the scheme to
experimental data will be addressed in a future pa-
per.

2. Retrieval of the Aerosol Scattering Properties

A. Sensitivity of Total and Polarized Radiances to
Multiple Scattering, Molecular Scattering, and Ground
Reflectance

We intend to retrieve the aerosol scattering proper-
ties in an extended range of scattering angles, Q, by
performing measurements in the solar principal
plane at low solar elevation. Typically, we consider
that the total radiance and the polarized radiance are
measured from scattering angles that range from 2°
to 20–30° in the solar aureole and that there is a total
and polarized radiance from 20° to Qmax in the

rincipal-plane geometry. The smaller angles ~2°
and 20°! correspond to the lower limits of the aure-
olemeter and the radiopolarimeter, respectively;
Qmax corresponds to the maximum value accessible in
the principal-plane geometry, that is,

Qmax 5 uS 1 uVmax, (1)

where uS is the Sun’s zenith angle and uVmax is the
largest zenith view angle, usually ;80°. At low Sun
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elevation, backscattering directions can be reached
~e.g., Qmax ; 145° for uS 5 65°!.

Although the contributions of ground reflectance,
multiple scattering, and molecular scattering are
negligible or small in measurements of solar trans-
mission and aureole, they have increasing impor-
tance for observations at large scattering angles.
Let us illustrate this from numerical simulations of
the sky’s radiance field for a typical example.

The calculations correspond to those for aerosols
with optical thickness for extinction tA 5 0.1 and
single-scattering albedo v0 5 0.85 at the wavelength
considered, l 5 0.870 mm, so the molecular optical
thickness is tM 5 0.015. The aerosol’s phase matrix
is derived from Mie theory for spherical particles with
real refractive index mr 5 1.40 and the size distribu-
tion given by the Junge model @n~r! ; r2v, where r is
the particle radius# with parameter v 5 4.6.

To account for the polarization properties of the
particles, we made calculations of the Stokes param-
eters of the radiation field, using the aerosol phase
matrix30 in the form

3
P11~Q! P12~Q! 0 0
P12~Q! P22~Q! 0 0

0 0 P33~Q! P34~Q!
0 0 P34~Q! P44~Q!

4 . (2)

Of course, although the measurements depend on all
the terms of the aerosol phase matrix by way of the
multiple-scattering processes, we intend to retrieve
only the terms that intervene in the single-scattering
process from the incident unpolarized solar beam,
that is, P11~Q! and P12~Q!. Moreover, because the
llipticity is known to be negligible,31 we make the

calculations here by neglecting the fourth row and
the fourth column of the phase matrix.

For the Junge model of particles, the phase func-
tion pA~Q! at l 5 0.870 mm @i.e., the P11~Q! term in
expression ~2!# is illustrated in Fig. 1 ~small dotted
curve!. Here, qA~Q! stands for P21~Q! @such that the

Fig. 1. True aerosol phase function, the phase function of the
bimodal log-normal model, compared with the phase function of
the Junge model, taken as the first guess p*A~Q! in the retrieval
cheme. The retrieved phase function pA

R~Q! is also shown.
2

degree of polarization for single scattering is P21~Q!y
P11~Q!#. The function qA~Q! at l 5 0.870 mm, here-
after designated the aerosol’s polarized phase
function, is shown in Fig. 2 ~small-dotted curve!. As
usual, qA~Q! is positive for linear polarization perpen-
dicular to the scattering plane ~as in the molecular
ase! and negative for polarization parallel to the
cattering plane.22

The simulations are performed by a successive-
order-of-scattering32 ~SOS! code. We assume a

lane-parallel atmosphere on top of a Lambertian
round surface with uniform reflectance rg 5 0.30, a

typical value of ground reflectance at the near-
infrared wavelength considered. The aerosols are
mixed uniformly with the molecules. The code ac-
counts for multiple scattering by molecules and aero-
sols and reflection on the surface. Polarization
ellipticity is neglected. The results are expressed in
terms of normalized radiance L and normalized po-
larized radiance Lp, defined by

L 5 pL*yE, (3)

where L* is the sky radiance that reaches the radi-
ometer in the viewing direction uv and E is the extra-
terrestrial solar irradiance.

Figure 3~a! shows the calculated sky radiance L in
the principal plane ~i.e., for azimuth angles f 5 0°
and f 5 180°! as a function of the zenith viewing
angle. For comparison, we have shown in this figure
the sky radiance calculated for the same conditions
but with the ground reflectance ~i.e., rg 5 0.0 in the
SOS code!, the ground reflectance and the molecular
cattering ~i.e., rg 5 0.0 and tM 5 0.0 in the SOS

code!, and the ground reflectance and the aerosol
scattering ~i.e., with rg 5 0.0 and tA 5 0.0 in the SOS
code! neglected. Figure 3~a! shows that the molec-
ular scattering and the radiance reflected by the
ground and rescattered into the radiometer’s field of
view can significantly affect the measurements.

The polarized sky radiance Lp is shown similarly in
Fig. 3~b!. Inasmuch as we consider measurements
n the solar principal plane, consideration of symme-
ry shows that the polarized vibration is linear, either

Fig. 2. Same as Fig. 1 but for the polarized phase function.
0 November 2000 y Vol. 39, No. 33 y APPLIED OPTICS 6209
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perpendicular or parallel to the solar principal plane.
We then consider that the corresponding polarized
radiance Lp is, respectively, positive or negative.
For comparison we also show in Fig. 3~b! the polar-
zed sky radiance calculated for the same conditions
ut with the molecular polarization neglected ~in the
OS code, we let the aerosols and the molecules scat-
er but we let only the aerosols polarize! and with the
erosol polarization neglected ~in the SOS code we let
he aerosols and the molecules scatter but we let only
he molecules polarize!. It is interesting to note

Fig. 3. ~a! Effect of aerosol scattering, molecular scattering, and
ground reflectance on the sky radiance. Radiance L~rg! is calcu-
lated for typical experimental conditions ~tA 5 0.1 and v0 5 0.85 at

5 0.870 mm; us 5 65°!. The radiance is compared with calcu-
lations with rg 5 0 @L~0!#, with calculations with rg 5 0 and tM 50
@LAer~0!#, and with rg 5 0 and tA 5 0 @LRayl~0!#. The result cor-
responds to observations in the solar principal plane, and is shown
as a function of the view’s zenith angle. This figure shows that
the molecular scattering and the radiance reflected by the ground
and rescattered into the radiometer’s field of view can contribute
significantly to the radiance and polarized radiance measure-
ments. ~b! Same conditions as in ~a!: atmospheric ~i.e., mole-
cules and aerosols! polarized radiance ~Lp!, polarized radiance that
is due solely to molecules ~Lp,Rayl!, and polarized radiance that is

ue solely to aerosols ~Lp,Aer!. The large influence of molecular
scattering on polarized light is shown.
210 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
that, unlike with radiance, the aerosol and molecular
polarized radiance is not coupled ~the polarized sky
radiance that is solely due to aerosols and the one
that is due solely to molecules sum to the total atmo-
spheric polarized radiance Lp!. Also note that, as
discussed in Subsection 2.B below, the polarized sky
radiance does not depend on the ground-reflecting
properties. Figure 3~b! illustrates the large influ-
nce of molecular scattering on polarized light. In
pite of use of a near-infrared wavelength to mini-
ize Rayleigh effects, the polarization that is due to
olecular scattering can largely dominate and mask

he aerosol signature.
Finally, Fig. 4 illustrates the influence of multiple

cattering. Let us define the radiance and the po-
arized radiance that corresponds to single scattering
rom the unpolarized solar beam @L~1! and Lp

~1! respec-
tively# by

L~1!~Q! 5
1

4 cos uv
@tM pM~Q! 1 v0tA pA~Q!#, (4)

Lp
~1!~Q! 5

1
4 cos uv

@tM qM~Q! 1 v0tA qA~Q!#, (5)

where pM and qM are the molecular phase function
and the molecular polarized phase function, respec-
tively.

Figure 4 shows the ratios L~1!yL and Lp
~1!yLp versus

the view angle uv for observations in the principal
plane. The influence of multiple scattering is signif-
icant in the radiance, and to a lesser extent in the
polarized radiance, especially toward large scattering
angles. For aerosols with smaller dimensions,
larger optical depth, or both, the amount of multiple
polarized radiance can contribute to approximately
30–40% of the total polarized light.33

Fig. 4. Relative contribution of single scattering to total radiance
@L~1!yL# and to polarized radiance @Lp

~1!yLp#, showing that the in-
fluence of multiple scattering is significant in the radiance and to
a lesser extent in the polarized radiance, especially toward large
scattering angles.
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B. Description of the Method

Let us examine how the aerosol scattering properties,
that is, the albedo for single scattering, v0, phase
function pA~Q!, and polarized phase function qA~Q!,
re retrieved from the measurements. The method
as been detailed by Devaux et al.18 for radiance

measurements.
Schematically, the method consists in eliminating

successively the ground contribution and the
multiple-scattering contribution to the measure-
ments to retrieve the single-scattering contributions
of the atmosphere in the form of Eqs. ~4! and ~5!.

hen, because the molecular terms are known in
hese equations, the aerosol terms v0pA~Q! and

v0qA~Q! are derived. Provided that measurements
are obtained over a sufficient range of scattering an-
gle because of the normalization of pA~Q!, the single-
scattering albedo is derived from

v0 5 * @v0 pA~Q!#sin QdQy2, (6)

which leads to derivation of the aerosol phase func-
tion and the polarized phase function.

The contributions to the method made by ground
reflectance and multiple scattering in the sky
radiance are estimated from radiative transfer calcu-
lations with the SOS code. Clearly, these contri-
butions depend directly on the aerosol’s optical
thickness and on the ground reflectance. However,
it may be expected that these calculations may be
much less sensitive to the exact properties of the
aerosol scattering matrix. We assume here that the
aerosol’s optical thickness has been derived from the
transmission measurement and that an estimate of
the ground reflectance over the area where the mea-
surements are performed is known. Let t*A and r*g
stand for these respective estimates. Then some ini-
tial guess has to be made for the aerosol phase matrix
P*A. The choice for the guess for the phase matrix is
onsidered in Subsection 2.C below, in parallel with
he effects of the uncertainties in the inputs of t*A and
*g in the SOS code. Finally, because the calculated

influences depend on the unknown value of v0, let v*0
be the guess for the aerosol single-scattering albedo.

The first step in the correction of the sky radiance
measurements consists of subtracting the ground in-
fluence. Let L* and L*0 stand for computations of the
sky radiance performed with the estimate of the
ground reflectance r*g and with r*g 5 0 as the lower
boundary condition @i.e., L* 5 L*~t*A, v*0, P*A, r*g! and
L*0 5 L*~t*A, v*0, P*A, 0!#. Clearly, L* differs from L*0
only in the number of photons that have been re-
flected by the ground, and the correction for the
ground contribution in the measurements is approx-
imately

DL* 5 L* 2 L*0. (7)

In the second step, the atmospheric term, i.e., L 2
DL*, is corrected for multiple scattering in the atmo-
sphere. Provided that the molecular and the aerosol
2

parameters are nearly the same in the calculations
and in the measurements, we expect that the ~single
scattering!y~total scattering! ratio will be nearly the
same for calculations and measurements; that is,

~v0tA pA 1 tM pM!y4 cos uv

L 2 DL*
5

~v*0t*A p*A 1 tM pM!y4 cos uv

L*0
, (8)

or, with a simple transformation,

v0tA pA 5
L 2 DL*

L*0
v*0t*A p*A 1

L 2 L*
L*0

tM pM. (9)

Finally, by neglecting the difference between the
true and the measured aerosol optical thickness, we
find from Eq. ~9! that

v0

v*0
pA 5

L 2 DL*
L*0

p*A 1
L 2 L*

L*0

tM

v*0t*A
pM . (10)

Note that, because transmission measurements can
be highly accurate, the measured aerosol optical
thickness t*A should be near the exact value tA. Fi-
nally, Eq. ~10! is the basic equation that we used for
our retrieval. Its validity is assessed in Subsection
2.C below.

Now Eq. ~10! is used first to retrieve the aerosol
single-scattering albedo. The right-hand side of Eq.
~10! is calculated for several values of v*0 and the
resulting integral, i.e.,

Y~v*0! 5 *
0

p SL 2 DL*
L*0

p*A 1
L 2 L*

L*0

tM

v*0t*A
pMDsinQdQ,

(11)

is estimated. Because Y~v*0! 5 2v0yv*0, according to
the normalization of pA the retrieved single-
scattering albedo v0

R is this value of v*0 for which
~v0

R! 5 2.
In practice, Eq. ~10! defines Y~v*0! only within the

range of scattering angles where the L~Q! measure-
ments are performed. The missing data in the
forward-scattering @0°–2°# and the backscattering
~Qmax, 180°! ranges usually contribute less than a few
percent to the calculation of the integral, and we use
the initial guess p*A~Q! to extrapolate Y~v*0! in these
missing directions.

Then we retrieve the aerosol phase function, pA
R~Q!,

by substituting the retrieved albedo into Eq. ~10!, i.e.,

pA
R 5

L 2 DL*~v0
R!

L*0~v0
R!

p*A 1
L 2 L*~v0

R!

L*0~v0
R!

tM

v0
Rt*A

pM. (12)

Finally, we apply a similar scheme to the measure-
ments of polarized radiance to retrieve the aerosol
polarized phase function. The process is simpler.
Because scattering of the nearly isotropic light re-
flected from the ground has negligible polarization,34

no correction for ground contamination to the polar-
ized radiance is needed. The influence of the ground
0 November 2000 y Vol. 39, No. 33 y APPLIED OPTICS 6211
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reflectance and polarization on the polarized sky ra-
diance was investigated by Lafrance.35 Numerical
simulations performed with realistic reflectances and
bidirectional polarization distribution functions of
the ground show that the error in Lp is no more than
approximately 1–2% when the ground influence is
neglected. The polarized measurements, therefore,
are directly corrected for multiple-scattering effects
according to the previous scheme, except that the
calculations are performed only for the retrieved
aerosol single-scattering albedo. Let L*p be the po-
larized sky radiance calculated with the initial-guess
aerosol model and the retrieved albedo for single scat-
tering, v0

R. With q*A~Q! and qM~Q! in place of p*A~Q!
and pM~Q! for polarized light, the retrieved polarized

hase function of the aerosols is therefore

qA
R 5

Lp

L*p~v0
R!

q*A 1
Lp 2 L*p~v0

R!

L*p~v0
R!

tM

v0
Rt*A

qM. (13)

The whole retrieval scheme, involving measurements
and computations, is summarized in Fig. 5.

C. Validation of the Method

To validate the method, we perform numerical sim-
ulations of sky radiances L and Lp for a known aero-
sol model. First, we suppose that the aerosol optical
thickness for extinction and the ground reflectance
are known and neglect the measurement errors in the
sky radiance. We choose some simple guess for
aerosol phase matrix P*A~Q!. Then the simulated

easurements are entered into Eqs. ~10!–~13! and
he pA

R~Q! and qA
R~Q! retrievals are compared with the

inputs. We do not discuss the intermediate retrieval
of v0

R, which has been examined in Devaux et al.18

Second, we examine the influence on pA
R~Q! and qA

R~Q!
of measurement errors in t*A, r*g, L, and Lp. Note
hat, because the aerosol’s vertical density profile is
nknown, we calculate the sky radiances L*, L*0, and
*p in Eqs. ~10!–~13! by mixing aerosols and molecules

according to scale heights 2 and 8 km, respectively.

1. Guessed Aerosol Phase Matrix
The choice for the first guess P*A~Q! for the aerosol
phase matrix is not important, as was shown by the
simulations. Even when the estimated P*A~Q! de-

arts significantly from the true phase matrix ~given
y Mie theory applied to the model!, pA

R~Q! and qA
R~Q!

rapidly converge toward the true functions. In the
second step of the inversion scheme, by processing
v0

R, pA
R~Q!, and qA

R~Q! as explained in Section 3, we fit
these retrievals by a spherical aerosol model defined
by mr

R, mi
R, and n~r!. Let PA

R~Q! be the corresponding
hase matrix ~see Fig. 6!. Then, when we iterate the
rocedure by using PA

R~Q! as a new guess, the depar-
ures of v0

R, pA
R~Q!, and qA

R~Q! from the true functions
prove to be negligible, as we illustrate in Figs. 1 and
2. Numerical simulations of L and Lp were per-
212 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
formed for a bimodal log-normal aerosol model as the
sum of two log-normal distribution functions

n~r! 5
N

Î2prs
expF2

~ln r 2 ln r#!2

2s2 G , (14)

with parameters r#1 5 0.10 mm, s1 5 0.405, and N1 5
, and r#2 5 0.50 mm, s1 5 0.693, and N2 5 0.03,

respectively, and refractive index m 5 1.50 2 0.001i.
he corresponding functions pA~Q! and qA~Q! at l 5

870 nm are illustrated in Figs. 1 and 2 ~solid curves!.
The resultant albedo is v0 5 0.98. The other inputs
were tA 5 0.40 and rg 5 0.30. We assumed that us 5
70°, with measurements performed until Q 5 150°.

As a simple guess, we chose a Junge aerosol model
of spherical particles, n~r! 5 Cr2v, with the refractive
index fixed arbitrarily as mr 5 1.40. The parameter

may be adjusted, for example, to fit the measured
ngstrom exponent or the aureole measurements.
ere we chose v 5 3.5, which provides a rough agree-
ent with the behavior of the aureole data. The

orresponding guesses, p*A~Q! and q*A~Q!, largely
epart from the true functions, as shown in Figs. 1
nd 2.
The simulated measurements were processed ac-

ording to Eqs. ~10!–~13! with the P*A~Q! matrix cor-
responding to the Junge model, mr 5 1.40, v 5 3.5,
nd the pA

R~Q! and qA
R~Q! retrievals are shown in Figs.

1 and 2. They compare well with the true functions.
Processing of pA

R~Q! and qA
R~Q! according to the

ethod explained in Section 3 below leads to an aero-
ol model that is quite close to the bimodal input, and
teration of the method with the corresponding phase

atrix leads to a second retrieval of pA
R~Q! and qA

R~Q!
that are indiscernible from the true functions except
in directions where the measurements are extrapo-
lated ~i.e., @0–2°# and ~Qmax, 180°!#, but note that
these directions will not be used in the inversion
processing described in Subsection 3.B.

2. Effect of Measurement Errors
The influence of the various measurement errors on
phase function and polarized phase function retriev-
als is detailed in Figs. 7 and 8. The results corre-
spond to the standard case of the Junge aerosol size
distribution with parameter v 5 4.6, with refractive
index mr 5 1.40, used in Subsection 2.A. Measure-

ents were simulated for tA 5 0.1, v0 5 0.85, and
s 5 65°.
We shall not discuss further the error budget of the

single-scattering albedo, which was examined by De-
vaux et al.18 Let us just recall that the main source
of error is an error in calibration of the sky radiance.
Accordingly, the relative accuracy in the retrieved v0
is nearly equal to the relative accuracy in the radi-
ance calibration. This calibration error, by contrast,
does not significantly affect the phase function or the
polarized phase function. We processed the simu-
lated measurements again, using for P*A~Q! the exact
input corresponding to the Junge distribution but
assuming a 110% or 210% systematic error in the



radiance. This error directly affects the retrieved
albedo; given the aerosol optical thickness for extinc-
tion, the change in the sky radiance estimate that is
due to the calibration error entails an increase or a
decrease in the estimated optical thickness for scat-
tering of the aerosols. But the error entailed in the

Fig. 5. Schematic description of the method for retrieving the
calculations to retrieve the aerosol phase function, the polarized
description is given in Subsection 2.B.
2

retrieved phase function is less than 2%, as shown
in Fig. 7, and the error in the polarized phase func-
tion ranges from 2% to 10% for scattering angles
below 120° and increases to 16% at 140°, as shown
in Fig. 8.

The error in tA is the second source of uncertainty.

sol scattering properties. The method uses measurements and
se function, and the single-scattering albedo. A more-detailed
aero
pha
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We processed the inversion by now assuming a 10%
error in tA. Although this assumption leads to ap-

roximately 7% error in v0, it does not significantly
affect the phase function retrieval. The error is
;2% up to a 130° scattering angle and increases to
7% at 140° ~Fig. 7!. For the polarized phase function

Fig. 7. Relative difference between the retrieved phase function
and the true phase function for 610% error in the radiance and in
the aerosol optical thickness.
214 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
~Fig. 8!, the error is ;1% below 120° and as much as
3.5% at 140°.

Finally, we performed the data processing by assum-
ing a 10% error in the estimate of the ground reflectance.
The influence on v0

R, pA
R~Q!, and qA

R~Q! retrievals is less
han 1% and is not shown in Figs. 7 and 8.

Fig. 8. Relative difference between the retrieved polarized phase
function and the true polarized phase function for 610% error in
the polarized radiance and in the aerosol optical thickness.
Fig. 6. Flow chart of the retrieval of aerosol properties.
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3. Retrieval of Particle-Size Distribution and Refractive
Index

We now consider the retrieval of the aerosol proper-
ties from their scattering features. We consider
spherical particles. In Subsection 3.A we show how
we derive their size distribution from phase function
pA~Q! by assuming that the refractive index of the
particles is known. The advantage of polarization
measurements is discussed in Subsection 3.B, where
we examine how both the particles’ refractive index
and size distribution may be retrieved from knowl-
edge of v0, pA~Q!, and qA~Q!.

A. Retrieval of n~r!

The retrieval of the columnar aerosol size distribu-
tion from the measured phase function is made ac-
cording to a modified form of the linear constrained
method of King et al.9 Their original method was

odified to use the angular phase function instead of
he spectral aerosol’s optical thickness.

We assume spherical homogeneous particles and
etrieve aerosol size distribution n~r!. We assume

that n~r! is normalized such that the resultant optical
thickness is 1; i.e.,

*
0

`

pr2Qsca~r, l, m!n~r!dr 5 1. (15)

Thus the normalized aerosol phase function pA~Qj! is
iven through Mie theory by

pA~Qj! 5 *
rmin

rmax

pr2Qsca~r, l, m!p~Qj, r, l, m!n~r!dr,

(16)

where Qsca~r, l, m! is the scattering efficiency factor,
and p~Qj, r, l, m! is the normalized phase function of
a particle with radius r and refractive index m at the
observation wavelength l. We will assume that L
and M measurement angles Qj are selected, respec-
tively, in the aureole and principal plane ranges.

Following King et al.,9 we replace the integral in
q. ~16! by a summation of partial integrals over N

contiguous finite ranges of radii @ri 2 Driy2, ri 1
Driy2# i 5 1, N, with N , L 1 M, and n~r! is replaced
by

n~r! 5 h~r! f ~r!, (17)

where h~r! and f ~r! are, respectively, a rapidly and a
slowly varying function of r. Assuming that f ~r! is
constant within each radius class, we obtain from Eq.
~16!

pA~Qj! 5 (
i51

N

f ~ri! *
r12Dri y2

ri1Dri y2

pr2Qscap~Qj!h~r!dr

5 (
i51

N

Ajif ~ri!. (18)
2

Let n ~ri! stand for the estimates of n~r! at points ri
at iteration step p. We assume that, within each
radius range @ri, ri11#, h~r! is in the form h~r! 5
Ci

~p!r2vi
~p!

, with the Ci
~p! and vi

~p! adjusted such that
h~ri! 5 n~p!~ri!. By using this form for h~r!, we cal-
culate Aji in Eq. ~18! and derive the correction terms
f ~ri! from the system of linear equations

pA 5 Af 1 ε, (19)

which provides

n~ p11!~ri! 5 n~ p!~ri! f ~ri!. (20)

The iteration starts with

n~0!~r! 5 Cr2v0, (21)

where v0 can be taken as v0 5 a 1 3, where a is the
ngstrom exponent and C is adjusted from Eq. ~15!.
oreover, whereas multispectral aerosol optical

hicknesses have the same order of magnitude, the
hase function can vary by 2 or 3 orders of magnitude
rom forward to backward scattering. Therefore we
ormalize the system of Eqs. ~19! in the form

p*A 5 A*f 1 ε, (22)

where

p*A~Qj! 5 pA~Qj!yA# j, A*ji 5 AjiyA# j, A# j 5 (
i

Aji.

(23)

The rms residual between the measured and the re-
trieved phase functions is calculated at the K 5 L 1
M measurement points. The iterative procedure
stops when the rms residual,

sp 5 H1
K (

j51

K FpA~Qj! 2 pA
ret~Qj!

pA~Qj!
G2J1y2

, (24)

reaches a minimum or is of the same order of mag-
nitude as the measurement and method errors. The
convergence toward a solution requires that each el-
ement p*A~Qj!, j 5 1, 2, . . . , K, as well as fj, j 5 1,
, . . . , N, converge to unity.
The selected scattering angles and classes of par-

icle radius have to be optimized to prevent there
eing too many insignificant matrix elements A*ji.

This optimization can be achieved from the typical
behavior of A*~Q, r!, as displayed in Fig. 9. In par-
ticular, the upper and lower limits rmin and rmax have
o be adjusted, according to the observed particles,
uch that the contribution of at least one extreme
atrix element will be a few percent of p*A; otherwise

instabilities would develop. Typically, n~r! is re-
trieved from ;rmin 5 0.03 mm to rmax 5 10.0 mm,
within 16 classes of radius, with 8 classes from rmin to
2 mm and 8 classes from 2 mm to rmax.

B. Retrieval of n~r! and m

1. Retrieval from Radiance Measurements Only
First we consider measurements of the solar extinc-
tion and sky radiance at one wavelength. As we
0 November 2000 y Vol. 39, No. 33 y APPLIED OPTICS 6215
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explained above, we can derive the aerosol phase
function pA~Q! and the albedo for single scattering v0
from these measurements. Then, by using the
method described in Subsection 3.A, we can derive
the size distribution of the aerosols, n~r!, from the
phase function between 2° and Qmax ~;140°!. As the
aerosol’s refractive index is unknown, we examine
how n~r! varies according to the assumed refractive
index. We consider only variation of the real part,
mr, of the refractive index; the imaginary part is ad-
justed to be consistent with the measured single-
scattering albedo.

Let us consider again the standard Junge aerosol
model of Subsection 2.A: v 5 4.6, with refractive
index mr 5 1.40. Assuming exact retrieval of the
erosol phase function within the range @2°, 130°#, let

us apply the previous scheme to pA~Q! by varying mr
from 1.30 to 1.50 in steps of 0.05, including the true
index 1.40. Whatever index is used, a stable solu-
tion is reached after only a few iterations ~usually
four!, and thus one can achieve a good fit to the phase
function. Figure 10 shows the retrieved volume size
distributions dVyd ln r @dVyd ln r 5 4y3pr4n~r!# for

r 5 1.30, 1.40, 1.50. The small discrepancies ex-
hibited by the size distribution retrieved by use of the
true refractive index are due to method error. The
size distributions inferred with other refractive indi-
ces depart from the exact distribution principally in
the range of submicrometer particles. These adjust-

Fig. 9. Contribution ~in percent! of each size interval to the phas
ith radii of 0.10 to 0.5 mm ~classes 2–5! contribute the most to th

class 8!, contribute exclusively to the forward scattering.
216 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
ments of the number of small particles tend to com-
pensate mainly for the variations of the scattering
efficiency factor linked to the various guesses for mr.
For the large particles, the agreement is better be-
cause n~r! is derived from forward directions where
the scattered light corresponds principally to diffrac-
tion, which does not depend on the refractive index.

ction from 2° to 130°. Particles smaller than 0.1 mm ~class 1! or
ase function at large angles; large particles, above 0.8 mm ~above

Fig. 10. Volume size distributions derived from the inversion of
the retrieved phase function for various real refractive indices,
including the true refractive index. The true size distribution ~the
Junge model! is also shown.
e fun
e ph
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Table 1. rms Relative Deviation ~3100! between Measured and
That this is so may be seen by the contribution of the
size classes to the phase function in Fig. 9: Particles
smaller than 0.1 mm ~class 1! or with radii of 0.10–0.5

m ~classes 2–5! contribute the most to the phase
unction at large angles, whereas large particles,
arger than 0.8 mm ~above class 8!, contribute exclu-
ively to forward scattering.
To show how the retrieved size distribution fits the

hase function, we show in Table 1 the rms residuals
p @Eq. ~24!#, between the true and the retrieved
hase functions for the various choices for mr. Two

results are indicated: sp has been estimated only
over scattering directions that correspond to the au-
reole range and then over all scattering directions,
including large scattering angles. The results are
similar and show that, whatever the choice for mr,
the retrieved size distribution fits the measurements
quite perfectly. Alternatively, no information about
the particle’s refractive index can be obtained from
simple radiance measurements at one wavelength,
and the uncertainty in the size distribution in Fig. 10
cannot be reduced.

Multispectral radiance measurements can provide
pA~Q! and v0 at several wavelengths, or, equiva-
lently, pA~Q! and v0 at one wavelength comple-

ented by the spectral dependence of the aerosol
ptical thickness, tA~l!. Then, besides the retrieval

of the particle-size distribution, some indication of
the particle’s refractive index can be derived ~see, e.g.,

efs. 19–21!. To illustrate this, we consider here
hat the previous measurements of the sky radiance
t 870 nm are complemented by extinction measure-
ents at N wavelengths ranging from 440 to 870 nm.
he retrieval of the aerosol size distribution is per-

ormed as previously from pA~Q! for several values of
mr, but now the retrieved size distribution n~r! allows
us to calculate the expected optical thickness tA~l! for
comparison with the measurements. For the case of
the Junge size distribution, the rms differences be-
tween the measured and the calculated optical thick-
ness,

st 5 H1
N (

j51

N FtA~lj! 2 tA
cal~lj!

tA~lj!
G2J1y2

, (25)

re listed in Table 1 as a function of the estimated
efractive index. Note that mr was considered spec-

trally flat ~440–870 nm! in these calculations. The
xpected spectral variation of mr for typical terres-

Retrieved Phase Function sp, Spectral Optical Thickness st, and
Polarized Phase Function sq as a Function of the Real Part of the

Refractive Index Used in the Inversion of n~r!

mr

rms Relative Deviation ~3100!

1.30 1.35 1.40 1.45 1.50

sp, Q , 20° 0.015 0.015 0.021 0.019 0.026
sp, all Q 0.033 0.011 0.005 0.009 0.033
st 6.80 4.35 0.30 5.65 12.00
sq 59.0 32.5 4.8 25.0 57.0
2

trial aerosols within the visible range are probably
small enough to be neglected,36 but the spectral de-
pendence of mr is an issue raised by the method. In
any case, the variation of st in Table 1 shows that
retrieval of the aerosol’s refractive index is possible
from monospectral radiance measurements, provided
that the tA~l! measurements are accurate within a
few percent.

2. Retrieval from Combined Radiance and
Polarized Radiance Measurements
Finally, we consider detailed measurements that pro-
vide simultaneously the solar extinction, the sky ra-
diance, and the polarized sky radiance values at one
wavelength. We do not use the spectral dependence
of tA~l! in the inversion so that we may avoid any
question of possible variation of the aerosol’s refrac-
tive index.

Given mr, let us first derive n~r! from pA~Q!, as was
previously done. Then, from the retrieved size dis-
tribution and the corresponding refractive index, the
aerosol polarized phase function qA~Q! is calculated
and compared with the measurements. For the
Junge-size distribution, Fig. 11 shows a comparison
of the true polarized phase function and the calcula-
tions that correspond to the choices for mr. The re-
sultant rms values,

sq 5 H1
N (

j51

N FqA~Qj! 2 qA
cal~Qj!

qA~Qj!
G2J1y2

, (26)

are listed in Table 1. The large variation of sq illus-
trates the sensitivity of polarization to the particle’s
refractive index. Table 1 shows that sq is ;10 times
arger than st. Significant information about the

particle’s refractive index is embedded in the polar-
ization measurements, and accordingly the best fit
between measurements and calculations yields the
correct value of mr, here mr 5 1.40.

By applying the same analysis for the case of the

Fig. 11. True polarized phase function compared with calcula-
tions that correspond to various choices of mr when the size dis-
ribution is inverted. The best fit between measurements and
alculations yields the correct value of mr.
0 November 2000 y Vol. 39, No. 33 y APPLIED OPTICS 6217
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bimodal size distribution used in Subsection 2.C, we
arrive at a retrieved refractive index of ;1.50, and
the retrieved size distribution compares well with the
exact one, as shown in Fig. 12.

The interest in polarization measurements for
characterization of aerosols, especially of the aero-
sols’ refractive indices, was documented long ago.23,37

The sensitivity of polarization both to the particle’s
refractive index and its size distribution is elaborated
below.

One could try to process the phase function only
once by using some arbitrary refractive index ~say,
.50! to invert n~r! and then performing Mie calcula-

tions of the polarized phase function with various mr
to search for a best fit. This method, however, gen-
erally has little chance of success. In the present
case of the Junge distribution, inversion of n~r! from

Fig. 12. Same as Fig. 10 but the true size distribution here cor-
responding to that of the bimodal log-normal model.

Fig. 13. n~r! has been retrieved from pA~Q! with mr 5 1.30, 1.40,
1.50. In each case, given n~r!, we calculated the polarized phase
functions for mr 5 1.30, 1.40, 1.50, as shown. The three lowest
curves show polarized phase functions that correspond to Mie com-
putations with three values of mr with n~r! obtained with mr of
1.50. The three middle ~upper! curves correspond to Mie compu-
tations with n~r! obtained with mr of 1.40 ~1.30!, and 3 values of mr.
218 APPLIED OPTICS y Vol. 39, No. 33 y 20 November 2000
pA~Q! was performed successively with mr 5 1.30,
1.40, 1.50, and, in each case, given the retrieved n~r!,
the polarized phase function was calculated for mr 5
1.30, 1.40, 1.50. The results are shown in Fig. 13.
Figure 13 shows that, when a wrong guess is made for
mr ~here mr 5 1.30 or mr 5 1.50! in the first inversion
step, the systematic biases entailed in n~r! make the
urther estimates of qA~Q! so inconsistent that com-

parison with the data gives no useful information on
mr. One must fit the whole data set by running the
whole inversion of both the phase function and the
polarized phase function with the correct refractive
index of the particles.

A second point concerns the residual error in the
retrieved polarized phase function ~;5% in Table 1!
in spite of the fact that the true value of the aerosol’s
refractive index was used ~1.40!. This discrepancy

nderscores again the sensitivity of polarized light to
article dimension, especially for very small parti-
les. Because of the lesser sensitivity of pA~Q! to
hese small particles, the systematic errors in n~r!

~method errors! in this size range have a small but
significant influence on the retrieval accuracy of
qA~Q!. To improve the results it is necessary to
include polarization measurements in the n~r! re-
trieval. A simple solution consists in complement-
ing the K linear equations that correspond to the K
values of pA~Q! in Eq. ~19! by K9 similar equations
that correspond to K9 measurements of qA~Q!. In-
version of the pA~Q! and qA~Q! data set by this system
of @K 1 K9# linear equations, when the true refractive
ndex is used, allows one to retrieve quite exactly the
rue size distribution of the aerosols and thus to fit
oth pA~Q! and qA~Q!. However, whereas the Aij

that correspond to the pA~Q! terms exhibit smooth
behavior as a function of r and Q, the behavior of the
Aij that correspond to qA~Q! is much more erratic,

hich can entail instabilities of the inversion. A
rocedure that avoids these instabilities consists of
rocessing the inversion of pA~Q! as explained above,

in a first step, with the system of @K# equations, and
to use the size distribution obtained in this way with
the best choice of mr to initialize n~r! in Eq. ~17! when
one is processing the system of @K 1 K9# in a second
step.

4. Conclusions

We have developed a method for retrieving the scat-
tering and physical properties of aerosol particles.
In addition to the commonly used spectral solar
transmission and aureole measurements, the method
exploits the advantage of intensity and polarization
information by employing the sky radiance and the
polarized sky radiance in the principal plane. The
single-scattering albedo and the natural and polar-
ized phase functions of the aerosols are retrieved
from the solar extinction and from the total and po-
larized sky radiances after correction for multiple
scattering, molecular scattering, and the influence of
ground reflectance. The proposed scheme for re-
trieval of v0, pA~Q!, and qA~Q! does not require any
assumptions with respect to the aerosol properties.
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The refractive index and the size distribution are
then derived from the natural and polarized phase
functions. It is shown that polarization is particu-
larly useful for retrieving the real part of the refrac-
tive index. Comparison of retrievals conducted with
and without polarization data shows that in some
cases the inclusion of polarization in the size-
distribution retrieval can improve information on the
sizes of the smallest particles.

We have used simulated ground-based measure-
ments under typical experimental conditions to test
the performance of the method. A study of the sen-
sitivity of the retrieved natural and polarized phase
functions to the first-guess inputs of the scheme and
to measurement errors was carried out. We found
that an uncertainty of 10% in the measured total
radiance does not significantly affect retrieval of the
phase function ~less than 2% error! and entails typi-
cally 2–10% errors in the polarized phase function for
scattering angles below 120° and as many as 16%
errors at 140°. Uncertainties in the aerosol optical
thickness and surface reflectance have lesser effects
on the retrieval.

The method has been applied with success to mea-
surements at 870 nm.33 Devaux et al.18 used this
method to characterize aerosol absorption. Exam-
ples of the aerosol polarized phase function retrieved
from ground-based observations have been summa-
rized by Herman et al.5 We intend to detail these
results in a future paper, in which we shall provide
typical radiative and microphysical properties of dif-
ferent types of aerosol. Future studies should exam-
ine the extension of the method to shorter
wavelengths, where the preponderance of the molec-
ular contribution and the influence of the aerosol ver-
tical mixing with molecules make solution of the
problem of retrieving the properties of aerosols from
ground-based measurements more difficult.

This research was supported by the Centre Na-
tional d’Etudes Spatiales ~France!.

References
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~Université des Sciences et Technologies de Lille, Lille, France
1996!.
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